This report discusses the guided Lamb wave sensing using polarization-maintaining (PM) fiber Bragg grating (PM-FBG) sensor. The goal is to apply the PM-FBG sensor system to composite structural health monitoring (SHM) applications in order to realize directivity and multi-axis strain sensing capabilities while reducing the number of sensors. Comprehensive experiments were conducted to evaluate the performance of the PM-FBG sensor attached to a composite panel structure under different actuation frequencies and locations. Three Macro-Fiber-Composite (MFC) piezoelectric actuators were used to generate guided Lamb waves that were oriented at 0, 45, and 90 degrees with respect to PM-FBG axial direction, respectively. The actuation frequency was varied from 20 kHz to 200 kHz. It was shown that the PM-FBG sensor system was able to detect high-speed ultrasound waves and capture the characteristics under different actuation conditions. Both longitudinal and lateral strain components in the order of nano-strain were determined based on the reflective intensity measurement data from fast and slow axis of the PM fiber. It must be emphasized that this is the first attempt to investigate acouto-ultrasonic sensing using PM-FBG sensor. This could lead to a new sensing approach in the SHM applications. 
I. Introduction
Composites structures are increasingly being used in the construction of aerospace, mechanical, civil, marine, automotive, and other high performance structures due to their high specific stiffness and strength, excellent fatigue resistance, longer durability as compared to their metallic counterparts, and due to their ability to be easily tailored for specific applications. One example is the composite over-wrapped pressure vessels (COPVs) 1 which are currently used at NASA to contain high-pressure fluids for propulsion, science experiments, and life support applications. (See Figure 1) . These COPVs have a significant weight advantage over all-metal vessels; but, as compared to all-metal vessels, COPVs require unique design, manufacturing, and test requirements. COPVs are in general subjected to significant multi-axial and dynamic state of stress that can be of significant risk for structural damages. Damage analysis, diagnostics, and life predictions are key factors in the structural health monitoring (SHM) of COPVs.
The Acousto-ultrasonic (AU) approach has been used to identify damages in engineering structures [2] [3] [4] [5] [6] [7] . Worlton proposed an AU type approach for damage detection in structures 3 . Rose has presented a literature review of the most salient work with regard to AU research 4 . Dalton conducted studies of Lamb wave propagation through aircraft structures and noted that long range inspection is possible 5 . Cawley and Alleyne discussed the different Lamb modes present in thin plates and their applicability toward damage detection. It is mentioned that dispersion, the change in the shape of the waveform as the wave propagates through the structure, is an important factor in choosing a wave mode for AU damage detection 6 . Wilcox et al. extends Cawley's thoughts about factors critical for AU inspection of structures 7 . Recent advancements in this area, including applications of guided ultrasonic Lamb waves for identification of damage in composite structures, are discussed in Ref. 8 .
Effective and efficient sensors play a major role in order to achieve the in-situ AU damage detection for composite structures. Piezoelectric-based sensors have proven to be suitable to this application because of superior electro-mechanical coupling property and high frequency sensing capability. Lead Zirconate Titanate (PZT) is a typical piezoelectric transducer that is extensively used in guided Lamb wave studies [9] [10] . PZT transducers are advantageous as they have wide frequency responses, excellent mechanical strength, low power consumption and acoustic impedance. They are light weight and low cost as well. As the counterparts of piezoelectric sensors, fiber Bragg grating (FBG) sensors also offer many benefits including small size, light weight, immunity to electromagnetic-interference, amenability to multiplexing, and high sensitivity [11] [12] [13] . The FBG strain sensor consists of a traditional core doped glass silicon fiber with a Bragg grating written at the core using one of two techniques: coherent laser interferes technique or an evenly space mask. When the Bragg grating is strained, light propagating in the core shifts about the central bragg-wavelength that changes linearly 14 . A broad range of static and dynamic strains can be accurately measured with fiber optic Bragg grating sensors capable of measuring strains as small as 1 µε 15 . A true distributed sensor with multiple (4 to 16) Bragg gratings can be serially multiplexed on one single cable. The capability of Lamb wave sensing using FBGs was demonstrated by testing a Perspex plate under PZT actuation as discussed by Betz et al. 16 . The multiplexing feature of FBGs allowed the collection of strain data at multiple locations simultaneously. However, due to directional dependent properties in composites, multi-axis strain measurements are needed in order to comprehensively evaluate the health of a composite structure. Therefore, a multi-parameter fiber optic strain sensor is required. Two-parameter FBG strain sensors can be realized by writing a fiber Bragg grating at the core of a polarization-maintaining (PM) optical fiber [17] [18] [19] [20] . The birefringence nature of the fiber results in a slight change in the index of refraction along two mutually perpendicular directions 20 , termed the polarization axes (i.e., fast and slow axis). By measuring different reflective intensity for both polarization axes, one can determine the corresponding wavelength shifts of Bragg peaks and derive the biaxial strain field. A tri-axial strain can be realized by writing two distinct gratings into one polarization fiber [20] [21] shifts. Step 2: Co Five-cycle The peak a at differen actuator. een in-plane str P1 from Smart e is made of IM r to create the espect to the a are labeled as M ain will be indu t the reflective G sensor is ne nd the wavelen order to reduc ct the reflective sting was repe Time [µs] 600 800 000 3000
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V. Conclusion
This is the first attempt to demonstrate the acousto-ultrasonic sensing using a PM-FBG sensor in a composite plate. The PM-FBG senor is able to capture both Lamb wave propagation characteristics and derive associated 2-D strain field based on measured reflective intensity responses in both fast and slow axis. The PM-FBG sensor can collect reflective intensity data up to 200 kHz using the proposed demodulation system. The detectable strain is in the range of nano-strain. It is clearly demonstrated that one PM-FBG sensor is able to characterize two-axis strain responses. Therefore, at least 50% reduction on the sensor number can be achieved, which is substantial in the SHM applications.
